Several lineage B betacoronaviruses termed severe acute respiratory syndrome (SARS)-like CoVs (SL-CoVs) were identified from Rhinolophus bats in China. These viruses are characterized by a set of unique accessory open reading frames (ORFs) that are located between the M and N genes. Among unique accessory ORFs, ORF8 is most hypervariable. In this study, the ORF8s of all SL-CoVs were classified into 3 types, and, for the first time, it was found that very few SL-CoVs from Rhinolophus sinicus have ORF8s that are identical to that of human SARS-CoV. This finding provides new genetic evidence for Chinese horseshoe bats as the source of human SARS-CoV.
The severe acute respiratory syndrome (SARS) pandemic in 2002-2003 spread to 29 countries, caused 8098 cases, and led to 774 deaths. A novel coronavirus (CoV), termed SARS-CoV, was identified as the etiological agent. SARS-CoV belongs to lineage B in the genus Betacoronavirus (beta-CoV) of the family Coronaviridae [1] .
Although 12 years have passed without a recurrent SARS outbreak, the search for the original animal reservoir for human SARS-CoVs is ongoing. Researchers have discovered lineage B beta-CoVs related to SARS-CoVs in insectivorous Rhinolophus and Chaerephon bats in China. The nucleotide sequences in the ORF1ab, E, M, and N genes in these bat-borne lineage B betaCoVs are 89%-93% similar to those in the SARS-CoVs from humans. The CoVs were thus named "SARS-like CoVs" (SL-CoVs). The finding of diverse SL-CoVs in bats led to the hypothesis that Rhinolophus bats were the natural reservoirs of SARS-CoVs [2] [3] [4] . However, this hypothesis is challenged by the significant differences in nucleotide and amino acid sequences in certain hypervariable regions. These regions include the S1 domain of the viral spike glycoprotein (S) and the open reading frames (ORFs) that encode a set of accessory proteins, particularly ORF8. Although a functionally similar bat-origin S gene was recently identified in the SL-CoVs of Rhinolophus sinicus (Chinese horseshoe bats) and Rhinolophus affinis (WIV1, Rs3367, and LYRa11), it had less sequence similarity to the human-origin S gene [2, 5] . Furthermore, genetic evidence for the identical ORF8 is needed to trace the origin of SARS-CoVs to bat SL-CoVs.
METHODS

Nucleotide Sequence Accession Numbers
All genome sequences were submitted to GenBank. The accession numbers for all viruses are KJ473811-KJ473822, JX993987, JX993988, and KF636752. The GA II sequence data were deposited into the National Center for Biotechnology Information Sequence Read Archive under accession number SRA051252.
Genomic and Phylogenetic Analysis
The nucleotide sequences of the genomes and the amino acid sequences of the ORFs were deduced by comparing them with the sequences in other CoVs. The conserved protein families and domains were predicted using Pfam and InterProScan 5 (available at: http://www.ebi.ac.uk/services/proteins). Routine sequence alignments were performed using Clustal Omega, Needle (available at: http://www.ebi.ac.uk/Tools/), MegAlign (Lasergene, DNAstar, Madison, Wisconsin), and T-coffee with manual curation. MEGA5.0 (Phoenix, Arizona) was used to align the nucleotide sequences and the deduced amino acid sequences, using the MUSCLE package and default parameters. The best substitution model was then evaluated using the Model Selection package. Finally, we constructed a maximum-likelihood method, using an appropriate model to process the phylogenetic analyses with 1000 bootstrap replicates.
RESULTS
In this study, a systematic survey of bat-borne CoVs was performed using bat virome data from throughout China, described in our previous report [6] , to obtain genetic evidence indicating the source of SARS-CoVs. Fifteen SL-CoVs were identified from 9 bat species in 11 provinces ( Figure 1A ) [6] . Throat and anal swab specimens from 22 wild and 124 farmed palm civets from Guangxi, Hunan, and Fujian provinces were also used for virome analysis. However, we did not detect any CoV-related sequences in the civet samples.
Compared with other bat-borne alpha-CoVs and beta-CoVs, the bat lineage B beta-CoVs (or SL-CoVs) are characterized by a set of unique accessory ORFs (UA-ORFs; Figure 1B ). These UA-ORFs encompassed approximately 1085-1095 base pairs and were located between the M and N genes. The UA-ORFs encoded putative ORF6, ORF7a, ORF7b, and ORF8 proteins from the 5′ terminus to the 3′ terminus. These UA-ORFs were absent or significantly different from those of all other alpha-CoVs, beta-CoVs, gamma-CoVs, and delta-CoVs [7] [8] .
The sequence analysis of the identified lineage B beta-CoVs revealed that, in UA-ORFs from all human SARS-CoVs and SLCoVs, ORF6 and ORF7s are highly conserved (90.8%-96.9% nucleotide sequence identities for ORF6 and ORF7a, and 85.2%-99.3% nucleotide sequence identity for ORF7b). However, ORF8 is hypervariable (approximately 48.6% nucleotide sequence identity; Supplementary Tables) [6] . The phylogenetic analysis of the sequences of ORF8 from all available batborne lineage B beta-CoVs suggested that ORF8s can be divided into 3 types (Figure 2A ). Type I ORF8s shared high intra-type sequence similarity (97.6% nucleotide sequence identity) and low inter-type sequence similarities to the type II ORF8s (approximately 80.3% nucleotide sequence identity) and type III ORF8s (<52% nucleotide sequence identity). The type II ORF8s showed >97% intra-type identity, whereas the type III ORF8s showed 80%-95% intra-type identity and <50% nucleotide sequence identity with the type II ORF8s.
Type II and type III ORF8s but not type I ORF8s were previously detected in bat lineage B beta-CoVs. In this study, we observed that most of the ORF8s in bat lineage B beta-CoVs are either type II or type III. All type II ORF8s were found in Rhinolophus ferrumequinum. However, type III ORF8s were detected in multiple bat species, including R. sinicus. We are the first to have found a type I ORF8 in bat lineage B beta-CoVs. Type I ORF8 is rare. In the country-wide screening, we found that only 2 CoVs collected from R. sinicus in Kunming City in Yunnan Province (Rs-betacoronavirus/Yunnan2013) and Hezhou City in Guangxi Province (Rs-betacoronavirus/Guangxi2013) contained type I ORF8s. Thus, according to the currently available data, R. sinicus is the only bat species that harbors SL-CoVs with type I ORF8. Additionally, R. sinicus is also the only bat species with SL-CoVs containing 2 different types of ORF8s. The type III ORF8 is the dominant type; type I is the minor type.
The ORF8s of SARS-CoVs are also type I. The ORF8s found in SARS-CoVs from human patients in the early phase of the first epidemic of SARS in 2003 (represented by the GZ02 and GD01 isolates) and the 4 patients during the 2003-2004 outbreak (represented by the GZ0401 isolate) are nearly identical to those of the 2 newly identified CoVs, Rs-betacoronavirus/ Yunnan2013 and Rs-betacoronavirus/Guangxi2013, with a few single-nucleotide mutations (98% and 99% nucleotide sequence identities, respectively; Figure 2B ). This region of SARS-CoV experiences ongoing adaptive evolution in humans with gradual deletions (29-nucleotide, 82-nucleotide, or 415-nucleotide deletions) after transmission to humans [9] [10] . The undeleted region of viruses with the 29-nucleotide deletion (the 29-nucleotide deletion splits ORF8 into ORF8a and ORF8b, represented by the GZ-A, Urbani, and TOR2 isolates) and viruses with the 82-nucleotide deletion (represented by the ZS-A and HGZ8L1-B isolates) also showed approximately 98% nucleotide sequence identities with the type I ORF8, with a few single-nucleotide mutations. The nearly identical ORF8s between SARS-CoVs and SL-CoVs from Chinese horseshoe bats identified in this study suggests a critical role for Chinese horseshoe bats in the maintenance of SARS-CoVs.
DISCUSSION
The discovery of SL-CoVs in several bat species (including R. ferrumequinum, R. sinicus, Rhinolophus pusillus, Rhinolophus macrotis, R. affinis, and Chaerephon plicata) and the characterization of UA-ORFs shared only by SARS-CoVs and SL-CoVs in the family Coronaviridae established a genetic relationship between bats and human SARS-CoVs. The ORF8 nearly identical to that in SARS-CoV was found only in SL-CoVs from R. sinicus and traces the source of SARS-CoVs to Chinese horseshoe bats. Functional studies for the proteins of ORF8, ORF8a, and ORF8b have been reported. The 8a protein enhances SARSCoV replication and induces caspase-dependent apoptosis [11] . The expression of the 8b protein is related to DNA synthesis and the degradation of E protein [12] [13] . The ORF8 protein may be functional in SL-CoVs from R. ferrumequinum [14] . However, the ORF8 region may code for a functionally unimportant protein for human SARS-CoVs, because gradual deletions in this region found in the early phase, the middle phase, and the late phase of the epidemic of SARS did not apparently affect the survival of the virus [9] . Thus, changes in this region can act as fingerprints to trace the genesis of SARS-CoVs. The identical ORF8s found in SL-CoVs from R. sinicus and SARS-CoVs from patients in the early phase of the SARS epidemic provides a link indicating that the first human infection with SARS-CoV may have originated from bats.
Although an S gene identical to that of SARS-CoV has not been found in any bat species, the distinctive diversity of the S region in SL-CoVs from R. sinicus may imply that SL-CoVs in R. sinicus are prone to recombine within R. sinicus or with CoVs from other hosts [6] . The identification of the S protein from SL-WIV1 from R. sinicus greatly increases the possibility of recombination of different SL-CoVs to generate SARS-CoV in R. sinicus.
As the original site of the SARS pandemic, Guangdong Province is the primary region in China in which wildlife (including bats) is consumed. The supply of wildlife in Guangdong comes from surrounding provinces, such as Guangxi, Yunnan, Hunan, and Fujian. The SL-CoVs from R. sinicus have nearly identical ORF8s and similar backbone genes to those in SARS-CoVs in Yunnan and Guangxi provinces. Furthermore, the observation that SL-CoVs from R. sinicus are prone to recombine with CoVs from other hosts may suggest that the wildlife markets in Guangdong may provide an ideal incubator for the genesis of SARS-CoVs. Moreover, human consumption of wildlife increases the possibility of human exposure to viruses carried by wildlife. SL-CoVs closely related to human SARS-CoVs are still present in nature, and the custom of wildlife consumption is ongoing. Thus, there is an ongoing risk of SARS reemergence or the emergence of a similar zoonotic infectious disease in humans.
Although palm civets were once suspected to be the natural reservoirs of human SARS-CoV, the isolation and genome sequencing of SARS-CoVs in civets was limited to those present in the marketplace of the epidemic area of the SARS outbreak and only during the outbreak period [10, 15] . In our study in 2012, we used the same metagenomic methods to detect SLCoV genomes in civets from Guangxi, Hunan, and Fujian provinces that supply palm civets to the markets in Guangdong. However, we did not detect any SARS-CoV or SL-CoV sequences in any samples. This finding is consistent with a non-civetorigin CoV reported prior to SARS and after the pandemic.
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